Introduction 41
The atmospheric oxidation of organic species is central to several key environmental chemical 42 processes that directly influence human health and global climate. These include the degradation 43 of pollutants, the production of ozone and other toxic species, and the formation and evolution of 44 fine particulate matter (aerosols). This last topic is inextricably linked to the oxidation of 45 atmospheric organics, since organic aerosol material makes up a substantial fraction (20%-90%) 46 of submicron aerosol mass 1 . A large fraction of organic particulate matter is secondary organic 47 aerosol, formed from the oxidation of gas-phase organic species 2, 3 . 48
Current state-of-the art models have difficulty predicting the loadings, spatial and 49 temporal variability, and degree of oxidation of ambient organic aerosol, indicating a gap in our 50 understanding of atmospheric oxidation processes. The oxidation mechanisms of light volatile 51 organic compounds are relatively straightforward, with the canonical example being conversion 52 of methane into formaldehyde, CO, and ultimately CO 2 4 . However, the oxidation of larger 53 organics associated with secondary organic aerosol involves a much larger number of reaction 54 pathways, intermediates, and products, the detailed characterization of which is beyond the 55 capabilities of most analytical techniques. This extreme chemical complexity has prevented the 56 precise measurement and prediction of the oxidation dynamics associated with the formation and 57 evolution of atmospheric organic aerosol. 58
Here we describe a new metric for the degree of oxidation of atmospheric organic species, 59
the average carbon oxidation state (  OSC), a quantity that necessarily increases upon oxidation 60 and is measurable using several modern analytical techniques. The general concept of average 61 carbon oxidation state has been used previously in other contexts, such as in soil chemistry for 62 the measurement of ecosystem oxidative ratios 5 , in botany for the estimation of growth yields 6 , 63 3 in wastewater treatment for the determination of degradation mechanisms 7 , and in atmospheric 64 chemistry to describe individual oxidation products of methane 8 and -pinene 9 . To our 65 knowledge  OSC has not been used to describe the evolving composition of a complex mixture of 66 organics undergoing dynamic oxidation processes. 67
Here we show that  OSC, when coupled with carbon number (n C ), provides a framework 68 for describing the chemistry of organic species in the atmosphere, and in particular atmospheric 69 organic aerosol. These two fundamental quantities can be used to constrain the composition of 70 organic aerosol, and moreover to uniquely define key classes of atmospheric reactions, providing 71 insight into the oxidative evolution of atmospheric organics. Reactions that govern the chemical transformation of atmospheric organics and the 101 evolution of organic aerosol involve movement in  OSC-n C space. The oxidative transformation 102 of atmospheric organics can occur within a range of chemical environments, including in the gas 103 phase, at the gas-particle interface, or within the bulk organic or aqueous phase; non-oxidative 104 transformations (such as accretion reactions) may also occur. These chemistries can all be 105 described in terms of three key classes of reactions ( 
183
It appears that more highly oxidized carbon is found predominantly in the gas phase, 184 presumably because species with several (>3) adjacent carbonyl groups are thermodynamically 185 or photochemically unstable, and will rapidly decompose to smaller species. 186 organics (HR-AMS and XPS) and speciated measurements of gas-and particle-phase organics 236
(various mass spectrometric techniques). 237
For all systems studied (Fig. 4) , oxidation leads to increased functionality on the carbon 238 skeleton (higher The effects of such oxidative degradation reactions on atmospheric aerosol are governed by 253 reaction rates, given the relatively short lifetime of atmospheric PM via physical deposition (~1 254 week). This implies that better constraints on the kinetics of key organic "aging" reactions are 255 needed for the accurate prediction of the loadings, properties, and effects of atmospheric organic 256
aerosol. 257
Nonetheless, it is known that the heterogeneous degradation of organic PM by gas-phase 258 oxidants is generally substantially slower than of gas-phase organics 34 , since most particulate 259 organics are shielded from gas-phase radicals interacting with the particle surface. The number of carbon atoms per molecule (n C ) in ambient organic aerosol (Figure 2 ) was either 307 determined from speciated measurements (ESI data) or estimated based on measurements of 308 particle volatility and OSc (AMS data). This latter approach utilizes the SIMPOL.1 structure-309 activity relationship 41 to relate saturation vapor pressure, degree of oxidation, and n C . 31 Vapor 310 pressures of organic aerosol classes are based on recent in situ thermodenuder measurements. The effects of functional groups on vapor pressure is estimated by assuming that each oxygen 312 atom decreases the volatility of an organic molecule by a factor of 0.06 (consistent with the 313 addition of carboxylic acids to the carbon skeleton), with oxygen content calculated from  OSC 314 using an empirical relationship that relates elemental ratios (O/C+H/C=2). 12 In the 315 multigenerational oxidation experiments (AMS and XPS traces in Figure 4) , ensemble values of 316 n C were determined by assuming that fractional changes in carbon number are equal to the 317 fraction of carbon remaining in the particle phase after oxidation. 318 319
Multigenerational oxidation experiments. 320
The oxidation trajectories in  OSC-n C space ( Figure 4) were determined from laboratory studies 321 of the oxidation of individual organic species. Gas-phase and particle-phase (monomeric) 322 products of the OH-initiated oxidation of isoprene and -pinene were measured by various 323 speciated techniques. [43] [44] [45] [46] [47] [48] [49] The heterogeneous oxidation reactions of squalane, triacontane, and 324 levoglucosan were carried out by sending nucleated particles into a flow reactor, where they 325 were exposed to high concentrations of OH generated by ozone photolysis.
39,40 Changes to 326 particle mass and elemental ratios upon oxidation where characterized using a scanning mobility 327 particle sizer and an HR-AMS. For the oxidation of coronene, 24 vapor-deposited thin films of 328 coronene (4-6 Å thickness) were exposed to varying levels of OH or O 3 , and the chemical 329 Semivolatile and low-volatility oxidized organic aerosol (SV-OOA and LV-OOA) correspond to 389 "fresh" and "aged" secondary aerosol produced by multi-step oxidation reactions. 11 These 390 aerosol species and types fall along the rough oxidation trajectories shown in various techniques to speciate gas-and particle-phase organics (solid circles) [43] [44] [45] [46] [47] [48] [49] . In most cases, 411 oxidation initially adds functional groups to the carbon skeleton (upwards movement), but later 412 oxidation steps involve a decrease in n C via the breaking of carbon-carbon bonds (movement 413 upwards and to the right), indicating the crucial role of fragmentation reactions in photochemical 414 aging and aerosol evolution. For clarity, only monomeric products are shown; the formation of 415 oligomers also entails initial movement to the left, but since these oligomeric species are 416 composed of monomeric subunits, they will display the same general trajectories upon oxidation. 417 418 419 420 
